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S U M M A R Y  

Caldariomycesfitmago is unusual  in t ha t  it utilizes par ts  of a r, umber  of pa thways  in 
glucose catabol ism to pyruva te .  The  initial oxidation of glucose is th rough  the  
" n o t a t i n "  type  of oxidation to 2-ketogluconate.  This then  probably proceeds to 
6-phosphogluconate  via the  adapt ive  enzymes 2-ketogluconic kinase and  z-keto-6- 
phosphogluconic-reductase.  The 6-phosphoglucolmte proceeds to form pyruva te  via  the  
rest  of the Entner -Doudorof f  pa thway,  hexose monophosphate  p a t h w a y  and E m b d e n -  
Meyerhof pa thway .  The  te rmina l  oxidat ion of py ruva te  occurs by the  usual  tri- 
carboxylic  cycle. Thus,  Caldariomyces fumago does not  possess all the  enzymes of any  
of the  three  normal  pa thways  of glucose catabolism, the  Entner -Doudorof f  pa thway,  
hexose monophospha te  p a t h w a y  or Embden-Meyerhof  pa thway ,  bu t  utilizes par t  of 
the  enzyme systems in the  complete ut i l izat ion of glucose. 

INTRODUCTION 

In  the  ever expanding  field of cellular biology an organ~.sm with an unusual  combina- 
t ion of the  known pa thways  contr ibutes  to our knowledge on the  role of individual  
p a t h w a y s  in the  to ta l  cell metabolism. Evidence is presented here for the  existence 
of such an unusual  combinat ion of known pa thways  in the  fungus Caldariomyces 
fumago. As far as could be ascer ta ined from the  l i terature,  evidence is presented here 
for the  first t ime on the  fate of 2-ketogluconic acid in the  glucose metabol ism of fungi. 
C. fumago belongs to the  ordec Moniliales of the  Imperfect  Fungi ;  it occurs commonly 
as sooty mold of greenhouse plants  in Nor thern  Europe ~. Studies on the  metabol ism of 
fungi are basically impor t an t  in plant  pathology for they  could help in be t te r  under- 
s t and ing  hos t -pa ras i t e  relationships. 

METHODS 

The stock cul ture  of C. fumago (Ill.) was obtained from Dr. H. RAISTRICK, Division 
of Biochemistry,  London School of Hygiene and  Tropical  Medicine, Univers i ty  of 
London.  The  fungus was rout inely  subcul tured  on oatmeal  agar  slants. I n o c u l a / o r  
l iquid cul tures  were prepared by  ascepticaily t ransferr ing spores and  some mycelium 

A b b r e v i a t i o n s :  E - M  p a t h w a y ,  E r n b d e n - M e y e r h o f  p a t h w a y ;  H . M . P .  p a t h w a y ,  hexose  m o n o -  
p h o s p h a t e  p a t h w a y ;  E - D  p a t h w a y ,  E n t n e r - D o u d o r o f f  p a t h w a y ,  C . F . P . ,  cel l -free p r e p a r a t i o n .  

* P r e s e n t  a d d r e s s :  R e s e a r c h  Sect ion ,  H i n d u s t a n  Ant ib io t ics ,  L td . ,  P i m p r i  ( Ind ia ) .  
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wi th  an inocula t ing  needle to zoo ml  of modified Czapeck-Dox med ium* in a 5oo-ml 
E r l enmeye r  flask. The  cul ture  was  grown at  26 ° on a reciprocal  shaker  a t  IOO s t rokes /  
rain. Af ter  the  cu l ture  h a d  grown for 3 -4  days,  t he  con ten t s  were  b lended for 4 o.sec 
in a sterilized Waxing b lendor  and  fresh m e d i u m  (zoo ml) was inocula ted  wi th  2.5 ml  
of the  b lended cul ture.  The  organism was m a i n t a i n e d  in shake  flask l iquid cul ture .  
Mycelia for the  exper iments  were p repared  as follows: the  m y c e l i u m  f rom the  shake  
cul tures  was  centr i fuged,  the  s u p e r n a t a n t  l iquid discarded,  and  the  myce l ium washed  
twice wi th  wa te r  and  once wi th  phospha te  buffer  sohltion,  the  p H  of which  was 
ad jus ted  to  t h a t  of the  cu l ture  fluid w i th  hydrochlor ic  acid or sodium hydrox ide  
solution.  The  washed  m y c e l i u m  was resuspended  in xoo m l  of the  buffer and  b lended  
for 4o sec to  procure  a uni form,  mycel iaI  suspension t h a t  could be p ipe t ted .  The  
composi t ion of the  phospha t e  buffer  used in all exper iments ,  unless otherwise  men-  
t ioned,  was  as follows: K H 2 P O  4, 2.o g; M g S O , . 7 H s O ,  o.5 g; a n d  disti l led w a t e r  to  
m a k e  iooo ml.  

All m a n o m e t r i c  techniques  used were as described b y  UMBREIT el. al. 2. Phospha t e  
de te rmina t ions  were b y  the  m e t h o d  of FXSKE AND SUBBAROW s, P y r u v a t e w a s  ana lyzed  
b y  the  m e t h o d  of FRIEDMAN AND HAUGEN 4. Glucose ~,-~a~ de t e rmined  b y  the  m a n o -  
met r ic  m e t h o d  of KAPLAN 5. ~-Ketoacids  were  de t e rmined  b y  the  eerie sul fa te  m e t h o d  
of KREBS AND JOHNSON s. B a r i u m  salts  of subs t ra tes  s tudied  were conver t ed  to  e i ther  
the  po tass ium or m a g n e s i u m  sal ts  before use. 

Fol lowing is the  m e t h o d  used for the  conf i rmat ion  of p a t h w a y s  of glucose 
b r eakdown  using [I-14C]glucose. A conven t iona l  W a r b u r g  a p p a r a t u s  wi th  double  
s ide-arm flasks was used t h r o u g h o u t  the  exper iment .  The  center-well  of the  flask 
con ta ined  0.3 m l  of 2o% K O H ,  b u t  no paper .  The  ma in  body  of the  flask con ta ined  

rrd b lended  h vphae  f rom a 54.5-h old cu l tu re  w i th  a final p H  of 6.o, sod ium arseni te  
to  give a final concen t ra t ion  of 3" IO-a M, and  phospha t e  buffer  to  m a k e  a final fluid 
vo lume  of 3.z ml.  One s ide-arm con ta ined  28 pmoles  of e i ther  " co ld"  glucose or 
[l-14C~glucose wi th  a specific ac t iv i t y  of 1.63/~C//Lmole, the  o ther  s ide-arm con ta ined  
o.2 ml  of 3o% tr ichloroacet ic  acid. The  w a t e r - b a t h  was  m a i n t a i n e d  a t  29.6 °. Af te r  
equi l ibrat ion,  glucose was t ipped  in. 

A t  the  end of I ,  3, 5, and  6 h, the  t r ichloroacet ic  acid was t i pped  into  the  var ious  
sets of flasks to  s top  the  enzylnic  reaction.  Af te r  the  react ion has  been s topped  in the 
6-h flasks, all flasks were al lowed to shake  an  add i t iona l  6o rain to  ensure  t h a t  all 
t he  carbon dioxide was absorbed  b y  t h e  K O H .  The  flasks were then  r emoved  a n d  2o-pl 
samples  in dupl ica te  of K O H  from the  center-well  were  p ipe t t ed  in to  scint i l la t ion 
bot t les  f rom all the  flasks t h a t  con ta ined  [l-t4C]glucose. The  scint i l la t ion bot t les  were 
kep t  a t  4 °. Then  the  suspension in t he  ma in  b o d y  of the  W a r b u r g  vessel was  careful ly  
r emoved  w i thou t  d i s tu rb ing  the  K O H .  In  order  to  r emove  all t he  mater ia l ,  t he  flask 
was  r insed twice wi th  2 ml  of dist i l led water .  T h e  combined  ~uspensions were cen- 
t r i fuged,  the  s u p e r n a t a n t  l iquid concen t ra ted  u n d e r  vacuum,  the  concen t ra te  s t reaked  
on a W h a t m  :n No. i ch roma tog raph ic  paper ,  and  the  c h r o m a t o g r a m s  developed in 
a w a t e r - s a t u r a t e d  b u t a n o l - l o r m i c  acid (95:5) sys tem.  Af te r  a i r -drying,  the  area of 
c h r o m a t o g r a m  conta in ing  the  pyruv ic  acid was cut  out ,  and  the  pyruv ic  acid e luted 
wi th  the  same solvent  sys tem.  C h r o m a t o g r a p h y  was necessary  to  separa te  the  2-keto- 

* D-Glucose, ,:o.o g; NaNO a, 2.o g; KH=PO 4, x.o g; KCI, x.o g; MgSO 4- 7H=O, 0,5 g; FeSO4" 
7HzO, o.ot g; distilled water to make xooo ml. Final pH of medium 4-5. Medium was sterilized by 
autoclaving at 15 Ib pressure for t 5 rain. 
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g l uc ona t e  f rom p y r u v a t e ,  because  ceric su l fa te  would  d e c a r b o x v l a t e  2 -ke tog lucona te  
jus t  as  well as  p y r u v a t e .  T h e  e lua te  was  e v z p o r a t e d  to  d r y n e s s  a n d  t h e n  redissolved 
in z.o ml  of d is t i l led  wate r .  All of th is  2.o rnl was  t r ans f e r r ed  to  a c o n v e n t i o n a l  "~Varburg 
flask which  c o n t a i n e d  o.3 m l  of zo% K O H  in t he  center-wel l ,  b u t  no paper .  I n t o  t he  
m a i n  b o d y  of t h e  flask was  a d d e d  o. 5 ml  of x :I a q u e o u s  sulfur ic  acid.  The  s ide -a rms  
c o n t a i n e d  o.6 ml  of a s a t u r a t e d  so lu t ion  of eerie su l fa te  ( recrystal l ized)  in z N sulfuric  
acid.  Af te r  x5 rain  equ i l ib ra t ion ,  t h e  ceric su l fa te  so lu t ion  was t i p p e d  in. The  wa te r -  
b a t h  t e m p e r a t u r e  was  z9.6 °. Af te r  9 h, t he  flasks were r e m o v e d  a n d  2o-#1 dup l i ca t e  
s amples  of K O H  were  t r a n s f e r r e d  f rom t h e  center -wel l  i n to  sc in t i l l a t ion  bot t les .  Two  
zo-t~l samples  were  also t a k e n  f rom t h e  [i-t4C] glucose so lu t ion  used  in the  e x p e r i m e n t  
t o  d e t e r m i n e  i ts  specific ac t i v i t y .  To  each  sc in t i l l a t ion  b o t t l e  7 ml  of abso lu te  alcohol,  
8 m l  of d i p h e n y l o x a z o l e  ih to luene ,  a n d  o.5 rnl of dis t i l led w a t e r  were  a d d e d  and  t he  
r a d i o a c t i v i t y  in each  b o t t l e  was  c o u n t e d  in a l iquid sc in t i l l a t ion  coun te r .  The  first set  
of K O H  sample s  t h a t  c o n t a i n e d  t h e  ca rbon  d ioxide  f rom the  o x i d a t i o n  of C-I  of glucose 
b y  t he  hexose  m o n o p h o s p h a t e  p a t h w a y  are  ca l led  Set  r and  t he  second,  c o n t a i n i n g  
t h e  ca rbon  d ioxide  f rom d e c a r b o x y l a t i o n  of p y r u v a t e  are cal led Set  2. The  resul ts  of 
th i s  e x p e r i m e n t  are  g iven  in Tab le  VI .  

D r y  weigh t s  were  d e t e r m i n e d  b y  d r y i n g  samples  in an  oven  a t  80 ° for 48 h a n d  
weighing.  P r o t e i n  d e t e r m i n a t i o n s  were  m a d e  b y  t he  m i c r o - K j e l d a h l  m e t h o d ,  a n d  the  
p H  m e a s u r e m e n t s  were  m a d e  w i t h  a B e c k m a n  p H  mete r .  

R E S U L T S  

Aerobic and anaerobic oxidation of glucose 

T h e  aerobic  a n d  anae rob ic  ox ida t i on  of glucose b y  t he  w a s h e d  ceils and  cell-free 
p r e p a r a t i o n  were  s t u d i e d  b y  t h e  s t a n d a r d  m a n o m e t r i c  t e c h n i q u e s  z. I t  is ev iden t  f rom 
T a b l e  I t h a t  t h e  whole  cells a n d  cell-free p r e p a r a t i o n  exh ib i t  no anae rob ic  ox ida t i on  
of glucose.  T h e  lack of CO2 p r o d u c t i o n  even  in the  p resence  of t he  b i c a r b o n a t e  buffer  
i nd ica t e s  t h a t  no  acids  were  fo rmed  f rom glucose. I t  is i m p o r t a n t  to  no te  t h a t  u n d e r  

T A B L E  I 

A E R O B I C  A N D  A N A E R O B I C  O X I D A T I O N  O F  G L U C O S E  B Y  W H O L E  C E L L S  A N D  C E L L - F R E E  P R E P A R A T I O N S  

T h e  c o m p l e t e  s y s t e m  c o n t a i n e d  in  a f i na l  v o l u m e  o f  3 m l .  o . o x  M M g S O a - 7 H s O ,  o . I  m l ;  o . o x  M 
g l u c o s e ,  o . 2  m l ;  w a s h e d  ce l l  s u s p e n s i o n  i n  b u f f e r  f r o m  a 4 - d a y  c u l t u r e  w i t h  a p H  o f  7 .o ,  o -5  m l ;  
o r  c e l l - f r e e  p r e p a r a t i o n ,  o . 5  m l ;  o . o z  M p o t a s s i u m  p h o s p h a t e  b u f f e r  ( p H  7.o)  o r  o . o I  M s o d i u m  
b i c a r b o n a t e  b u f f e r  p H  o f  7 . o  t o  m a k e  u p  t o  t h e  f i n a l  v o l u m e .  T h e  v a l u e s  f o r  e n d o g e n o u s  r e s p i r a t i o n  
h a v e  b e e n  s u b t r a c t e d  i n  e a c h  c a s e .  T h e  c e l l - f r e e  p r e p a r a t i o n  ( C . F . P . )  w a s  m a d e  a s  f o l l o w s :  i 8  g 
w a s h e d  c e l l s  w e r e  g r o u n d  w i t h  2 o  g o f  w a s h e d  3 F g r a d e  c a r b o r u n d u m  f o r  4 r a i n .  T o  t h i s ,  2 o  m l  o f  
o . o 2  M p h o s p h a t e  b u f f e r  ( p H  7.o)  w e r e  a d d e d  a n d  t h e  suspex~s ion  w a s  m i x e d  w e l l .  T h e  h o m o g e n a t e  
w a s  c e n t r i f u g e d  a t  z 5 o o  × g f o r  2 0  m i n .  T h e  s u p e r n a t a n t  f r a c t i o n ,  w i t h  7 .o  nag  p r o t e i n / m l ,  w a ~  
u s e d  a s  t h e  c e l l - f r e e  p r e p a r a t i o n .  A l l  t h e  m a t e r i a l  u s e d  w a s  p r e c o o l e d  t o  4 ° a n d  t h e  e n t i r e  o p e r a t i o n  

w a s  d o n e  a t  4 ° . 

E X ~ .  AeTobic or anaerobic Buffer Addition td  Oz pl  CO: 
(gas phat~) u ptatw t k liberated 

z A i r  K P O ,  W h o l e  c e l l s  23o..5 
2 Ig a K P O ,  W h o l e  c e l l s  ~ 3--" 
3 N 2 N a H C O  a *~Vhole c e l l s  - -  I 2 . 2  
4 A i r  K P O ,  C . F . P .  66 .  5 
5 N~  K P O ;  C . F . P .  - -  o 
6 N 2  N a H C O  a C . F . P .  - -  o 
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aerobic  condi t ions  the  ceil-free p r e p a r a t i o n  consumed  only  66.5 #1 of O2/z t~moles of 
glucose. 

Effect of inhibitors on glucose oxidation 

Tab le  I I  summar izes  the  effect of inhib i tors  on the  O~ u p t a k e  b y  whole cells and  
cell-free p repa ra t ions  wi th  glucose as subs t ra te .  T h o u g h  all t h e  inhib i tors  excep t  
fluoride and  m a l o n a t e  par t i a l ly  inh ib i ted  02  u p t a k e  of whole cells, none  of t h e m  h a d  
any  discernible  effect on the  resp i ra t ion  of t h e  cell-free p repara t ion .  T h e  cell-free 
p r epa ra t i on  ut i l ized only a b o u t  1.5 t zmoles O2//~mole of glucose. W h e n e v e r  whole  cell 
resp i ra t ion  was  inh ib i t ed  the  O2 u p t a k e  was  close to  t h a t  of the  cell-free p repa ra t ion .  
These  observa t ions  ind ica ted  t h a t  glucose wen t  t h r o u g h  some ini t ia l  ox ida t ion  t h a t  
was insensi t ive  to  cyan ide  and  azide as well as to  t h e  o the r  inhibi tors .  I t  was  also ev iden t  
t h a t  this  cyanide- insens i t ive  resp i ra t ion  occur red  ear ly  in t h e  glucose oxida t ion ,  
because  (a) whole  cell resp i ra t ion  was pa r t i a l ly  cyan ide-sens i t ive  (b) t h e  C.F.P.  which  
could only  par t i a l ly  oxidize glucose was  no t  inh ib i t ed  by  cyanide ,  a n d  (c) o the r  
inhib i tors  of glucose me tabo l i sm,  when  t h e y  h a d  an  effect on t h e  whole  cells, d id  n o t  
s top  this  cyanide- insens i t ive  respirat ion.  

T A B L E  I I  

EFFECT OF I N H I B I T O R S  ON GLUCOSE O X I D A T I O N  BY W H O L E  CELLS AND C E L L - F R E E  P R E P A R A T I O N  

A s s a y  s y s t e m  w a s  t h e  s a m e  a s  i n  T a b l e  I .  T o  e a c h  f l a s k  4 / , m o l e s  g l u c o s e  w a s  a d d e d ,  a n d  t h e  
e x p e r i m e n t  w a s  r u n  a t  2 9 . 6  ° f o r  6 o  r a i n .  I n  a l l  c a s e s  e x c e p t  t h o s e  m a r k e d  w i t h  t h e  a s t e r i s k ,  t h e  O. ,  

u p t a k e  c a m e  t o  a s t a n d s t i l l .  M e t h o d  o f  c e l l - f r e e  p r e p a r a t i o n  s a m e  a s  i n  T a b l e  I .  

vl  Ot uptake by the 
tnhibitors amt their final l~l Os uptake by cell#co preparation 

concentration whole cells (3.5 mg protein) 

No inhibitor 2 to t I', I 
Potassium cyanide o.ool M 124 I i6 
Sodium azide o.ooI M x3o 118 
Sodium fluoride o.o2 M 2oo ~ I2o 
Iodoacetic acid o.oo x M IO4 t Io 
Sodium arsenite o.ooi M Io3 ii2 
Malonate o.ox M 2oo* x2o 

The identification of the products formed from glucose oxidation by C.F.P. 

T h e  cyanide ,  azide- insensi t ive  aerobic ox ida t ion  of glucose resembled  t h e  glucose 
oxidase  of Muller  f rom PeniciUium glaucum a n d  la te r  descr ibed b y  KEILIN AND 
HARTREE in P. notatum ~. Gluconic acid a n d  2 -ke tog lucona te  are r epo r t ed  to  be the  
p roduc t s  of glucose ca tabo l i sm in 19. notatum. In order  to  d e t e r m i n e  the  p roduc t s  of 
glucose ox ida t ion  by  cell-free p r e p a r a t i o n s  of C. fumago, an e x p e r i m e n t  was  set  up  
as follows: C.F.P. ,  I.O ml,  glucose Io  izmoles, and  p h o s p h a t e  buffer  2.o ml  were  p laced 
in a i 25 -ml  E r l e n m e y e r  flask a n d  i n c u b a t e d  a t  3 de. Dupl ica te  flasks were  t a k e n  off 
a t  the  e n d  of 30 a n d  60 rain. I n  the  con t ro l  f lasks the  C.F.P.  was  replaced wi th  phos- 
p h a t e  buffer. The  solut ions  were c o n c e n t r a t e d  in vacuo a n d  c h r o m a t o g r a p h e d  
(descending) on W h a t m a n  No. I paper  in t w .  ' ifferent so lvent  sys tems" (a) e t h a n o l -  
m e t h a n o l - w a t e r  (9:9 :z) ; (b) e t h a n o l - m e t h a n o l - w a t e r - f o r m i c  acid (I 5 :I 5 : 9 : z ) .  T h e  
c h r o m a t o g r a m s  were  r e m o v e d  f rom the  solvents ,  air-dried,  sp rayed  wi th  o . I  N A g N O  s 
solut ion in 5 N N H 4 O H ,  a n d  t h e n  exposed to  HaS. The  R~, of the  spots  were c o m p a r e d  

Biochim. Biophys. Acta, 69 (x963) 74-84- 
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wi th  the  s t anda rds  glucose, gluconic acid and  z-ketogluconic acid. In  tile 3o-min 
samples,  glucose, Izluconate.~ ._ and 2-ketoglucon~Lte spots were v . . . . .  . . . .  n,.+ In  the  6o-min 
sample,  2-ketogluconate ,  traces of g luconate  bu t  no glucose could be detected.  

Effect of  catalase on the glucose oxidation by whole cells 

Since it was repea ted ly  observed tha t  glucose was oxidized only  to 2-ketogluconic 
acid b y  cells f rom liquid cul tures with pH of 5 or lower, it was considered possible 
t h a t  this  block m i g h t  be due to  the inhibi t ion of the enzymes t h a t  catabol ized 2-keto- 
g luconate  fur ther ,  by  the  hydrogen  peroxide formed by  the  glucose oxidase while 
oxidizing glucose to gluconic acid. In  a cell, under  normal  growing conditions,  enough 
cata lase  is p robab ly  produced  to b reak  down this  HzO z. In  cul tures  wi th  p H  of 5 or 
l o w e r ,  c a t a l a s e  m i g h t  b e  p r e s e n t  o n l y  i n  i n s u f f i c i e n t  a m o u n t s  f o r  t h e  d e t o x i f i c a t i o n .  

E x p e r i m e n t s  w e r e  s e t  u p  t o  c h e c k  t h i s  h y p o t h e s i s  ( T a b l e  I I I ) .  T h e  m a r k e d  s t i m u l a t o r y  

e f f e c t  o f  a d d e d  c a t a l a s e  o n  t h e  o x i d a t i o n  o f  g l u c o s e  c a n  b e  s e e n  f r o m  T a b l e  I I I .  T h e  

e x p e r i m e n t  w a s  r e p e a t e d  s e v e r a l  t i m e s  w i t h  s i m i l a r  r e s u l t s .  

T h e  d a t a  i n d i c a t e d  t h a t  a l l  t h e  g l u c o s e  c a t a b o l i z e d  w e n t  t h r o u g h  t h e  g l u c o s e - - ~  

g l u c o n a t e  > 2 - k e t o g l u c o n a t e  p a t h w a y  a n d  t h a t  H zO z w a s  p r o d u c e d  i n  t h e  f i r s t  s t e p  

o x i d a t i o n  o f  g l u c o s e .  
T A B L E  I I [  

E F F E C T  OF C A T A L A S E  ON G L L ' C O S E  O X I D A T I O N  BY *0,'HOLE C E L L S  

T o  IO m l  w h o l e  cel l  s u s p e n s i o n "  in  p h o s p h a t e  b u f f e r  ( p H  6.8) i m g  o f  c a t a l a s e  w a s  a d d e d  a n d  m i x e d  
we l l .  T h e  a b i l i t y  of  t h e s e  ce l l s  t o  o x i d i z e  g l u c o s e  w a s  t e s t e d  in  a V~:arburg a p p a r a t u s .  T h e  s y s t e m  
c o n t a i n e d  in a d d i t i o n  t o  buf fe r ,  z /~moles  o f  g l u c o s e  a n d  i o  / z m o l e s  e a c h  of  f e r r o u s  a m m o n i u m  

s u l p h a t e  a n d  c y s t e i n e .  

Cells without catalase Cells with catala.~e 

t~1 t )  z u p t a k e  in  5 h 6,~ z28 
! , m o l e s  O~ u p t a k e  in  5 h 3 xo.3 
l t m o l e s  O~ u p t a k e / m o l e  g l u c o s e  --- 3 .15 

" T h e  ce l l s  w e r e  h a r v e s t e d  f r o m  a c u l t u r e  w i t h  p H  4.0.  

Utilization of various intermediates 

Several  s ix-carbon in te rmedia tes  of the glucose metabol i sm were t r ied for util iza- 
t ion. Table  IV summar izes  the  results.  There  is prac t ica l ly  no uti l izat ion of glucose x- 

T A B L E  I V  

UTILIZATION OF SIX-CARBON INTERMEDIATES OF GLUCOSE METABOLISM 

T h e  a s s a y  s y s t e m  is  t h e  s a m e  a s  in  T a b l e  I {aerobic  e x p e r i m e n t s ) .  E x p e r i r n c n t s  w e r e  s t o p p e d  w h e n  
t h e  r a t e  of  O.~ u p t a k e  in f l a s k s  w i t h  t h e  s u b s t r a t e s  w e r e  s a m e  as  t h e  e n d o g e n o u s  r a t e  of  Oa u p t a k e .  

t~moles of  O~ 
Total i~rrvoles /,moles of  O,  consumed uptake in the presence 

Substrate of 0._ uptake per ttmole of the sub•Irate o] • -•o -~ M K C N  

G l u c o s e  4 / , m o l e s  6 .3  1.57 6. I 
G l u c o s e  x - P  z / , m o l e s  t . o  0. 5 0 .8  
G l u c o s e  6 - e  2 / , m o l e s  o o o 
F r u c t o s e - I ,  6 - P  2 2 p m o l e s  o o o 
G l u c o n i c  a c i d - d L l a c t o n e  4 / t i n G l e s  3 .0  o. 75 3 .0  
6 - P h o s p h o g l u c o n a t e  6 / z m o l e s  4 8 . 0  8 .0  o 
z -  K e t o g l u c o n a t e  4 / , m o l e s  2 5 . o  6 . z 5  o 
G l u c d r o n i c  a c i d  2 p m o l c s  o o o 
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p h o s p h a t e ,  g l u c o s e  6 - p h o s p h a t e ,  f r u c t o s e  1 , 6 - d i p h o s p h a t e  o r  g l u c u r o n i c  a c i d  b y  w h o l e  
cells.  G l u c o s e  a n d  g l u c o n i c  a r e  o n l y  p a r t i a l l y  u t i l i z e d  ( p r o b a b l y  d u e  t o  low c a t a l a s e  
l eve l s  a n d  l o w  leve l s  of  i n d u c e d  e n z y m e s ) .  O n l y  t w o  of  t h e  s u b s t r a t e s  t r i e d ,  2 - k e t o -  
g l u c o n a t e  a n d  e s p e c i a l l y  6 - p h o s p h o g l u c o n a t e  w e r e  u t i l i z e d  well .  F u r t h e r m o r e ,  in  t h e  
u t i l i z a t i o n  of  2 - k e t o g l u c o n a t e ,  a l ag  w a s  a l w a y s  e v i d e n t  ; h o w e v e r ,  t h i s  l a g  w a s  a b s e n t  
w h e n  6 - p h o s p h o g l u c o n a t e  w a s  t h e  s u b s t r a t e .  T h i s  l ag  p e r i o d  d i s a p p e a r s  w h e n  t h e  cel ls  

a r e  f i r s t  i n c u b a t e d  w i t h  2 - k e t o g l u c o n a t e  a n d  t h e n  w a s h e d  (Fig .  I ) .  F r o m  t h e s e  d a t a  

3 5 0  [ - ' l - - 1 - - - - r - - r  i . . . . . . .  
/ !- / , -  

~ 2 0 0  

o o" / / 

,ooi  
O V J ~ u ~ 7 " f  ,, I , ~ I 

o 60  I 20  2 4 0  
TIME (PAIN) 

Fig. i. Effect of preincubat ion of the  mycelium.in 2- 
ketogluconate on the oxidat ion of the substrate .  The 
mycelium from a culture with a pH of 7.4 was washed 
twice in distilled wate r  and once in phosphate  buffer 
(pH 7-4) and resuspended in 50 ml of the  same 
buffer in a flask containing Ioo /,moles of 2-keto- 
gluconate. The flask was set on a reciprocal shaker 
for 5 h. 'After this  preincubat ion the  mycel ium wag 
washed two t imes in distilled wa te r  and once in the 
buffer and blended in a XVaring blender for 4 ° sec. 
These blended cells were used for respira tory studies 
in Warburg  flasks with 4 pmoles  of 2-ketogluconate 
as substrate.  The nonpreincubated cells served as 
control. O ~ O,  endogenous; • ~ O,  endogenous. 
(preincubated);  A ~ A ,  with 4 F moles of 2-keto- 
gluconate;  ~k--~ik. wi th  2°ketogluconate (prein- 

cubated).  

o n e  c o u l d  i n f e r  t h a t  t h e  2 - k e t o g l u c o n a t e  f o r m e d  f r o m  g l u c o s e  m i g h t  b e  c o n v e r t e d  t o  
6 - p h o s p h o g l u c o n a t e  b y  a d a p t i v e  e n z y m e s .  S u c h  e n z y m e s ,  w h i c h  a r e  f o u n d  i n  s o m e  
b a c t e r i a l  s y s t e m s  s-l~, w o u l d  be ,  f i r s t  a k i n a s e  t h a t  p h o s p h o r y l a t e s  2 - k e t o g l u c o n a t e  t o  
2 - k e t o p h o s p h o g l u c o n a t e  a n d  t h e n  a r e d u c t a s e ,  t h a t  r e d u c e s  t h e  z - k e t o p h o s p h o -  
g l u c o n a t e  t o  6 - p h o s p h o g l u c o n a t e .  T h e  c o n c l u s i o n  t h a t  g l u c o n a t e ,  z - k e t o g l u c o n a t e  a n d  
6 - p h o s p h o g l u c o n a t e  a r e  s i t u a t e d  in  t h e  s a m e  d i r e c t  p a t h w a y  of  g l u c o s e  u t i l i z a t i o n  b y  
C. fumago is  f u r t h e r  s u p p o r t e d  b y  t h e  f a c t  t h a t  s i m i l a r  a m o u n t s  of  p y r u v a t e  w e r e  
p r o d u c e d  b y  C. fumago f r o m  c o m p a r a b l e  a m o u n t s  of  a l l  t h e s e  s u b s t r a t e s  ( T a b l e  V) .  

T h e  r a t i o  of  1 :1 .  7 of  s u b s t r a t e  u t i l i z e d  t o  p y r u v a t e  f o r m e d  in  t h e  p r e s e n c e  of  
3" 10-3  M s o d i u m  a r s e n i t e  i n d i c a t e s  t h a t  a n  E - D  t y p e  p a t h w a y  m i g h t  b e  t h e  m a j o r  
o p e r a t i v e  p a t h w a y  of  c a r b o h y d r a t e  m e t a b o l i s m  in  C. fumago. H o w e v e r ,  i f  t h e  E - D  

T A B L E  V 

P Y R U V A T E  F O R M A T I O N  FROM G L U C O S E ,  2 - K E T O G L U C O N A T E  A N D  6 - P H O S P H O G L U C O N A T E  

B Y  W H O L E  C E L L S  

The complete assay system in a final volume of 3 ml contained washed whole cell suspension in 
buffer a t  pH 6.8, ].o ml:  ferrous a=hmonium sulfate, 1o ~moles;  glutathione,  1o/~moles; substrate ,  
4/~molcs, and phosphate  buffer, pH 6.8. One of the dupl icate  sets for each substr-dte contained 
sodium arsenite to give a final concentrat ion of 3" ]o-S M. At the  end of the e.xperimentai period 
the  enzymic process was stopped in each flask by  the  addit ion of 3 ml of I o %  trichloroacetic 
acid. The amount  of py ruva t e  in each flask was determined by  the  method of FRIED~.=~¢ AND 

H A U G E N ,  

Addition i~moles substrate i¢moles #yrut~t¢ 
utilized formed substra~e: p3aeuvate 

Glucose i .68 2.75 l : 1.65 
2- Ketogluconate 1,94 3-3 l : x. 7 z 
6-Phosphogluconate 2,o5 3.38 1 : 1.65 

Biochim. Biophys, ,~aa, 69 (i963) 74-84 
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p a t h w a y  were the  sole pa thway ,  then  2 moles of pyruva te  mus t  be produced for every 
mole of subs t ra te  utilized. If one assumes tha t  both E - D  p a t h w a y  and  H.M.P. 
p a t h w a y  operate  s imultaneously,  then  calculations from da t a  in Table  V indicate t h a t  
about  65 % of the  subs t ra tes  were metabolized by an E - D  type p a t h w a y  and about  
35% via a H.M.P. type  p a t h w a y ;  6-phosphogluconate would be the  common inter-  
media te  for both  these pa thways .  Subsequent  exper iments  with [I4C]glucose confirmed 
the  assumpt ion  t h a t  both  these pa thways  are operat ive in C. fumago. 

Experiments with [I-14C]glucose 
The  number  one carbon of glucose, when oxidized via the E - D  pa thway,  

u l t imate ly  becomes the carboxyl  carbon of the  pyruvic acid. The E - D  p a t h w a y  is the  
only p a t h w a y  by which this process is known to occur in the  direct oxidat ion of glucose. 
I n  t he  H.M.P. p a t h w a y  the  number  one carbon of glucose is oxidized to CO 2 before 
the  pyruvic  acid is formed. Thus,  with the  use of [i-t4C]glucose, the ex ten t  of part icipa-  
t ion of these t~vo pa thways  could be determined.  The results of such exper iments  
(Table VI) indicate t h a t  bo th  E - D  and  H.M.P. pa thways  are operat ive in C. fumago. 

T A B L E  V I  

OXIDATION OF [ I - t IC ,GLUCOSE BY ~.VI-IOLE CELLS 

T o t a l  a s s a y  s y s t e m  c o n t a i n e d  ce l l  s u s p e n s i o n ,  x .o m l  ; w h e r e  p r e s e n t ,  s o d i u m  a r s e n i t e  t o  g i v e  a f i n a l  
concen tT ,  a t i o n  o f  3" IO-S M ;  g l u c o s e .  2 8 / t m o l e s  g l u c o s e  o r  [ i - 1 4 C ] g l u c o s e  w i t h  a s p e c i f i c  a c t i v i t y  
o f  1 . 6 3 / z C / ! j m o l e .  R e a c t i o n  w a s  s t o p p e d  b y  t i p p i n g  in  0 .2  m l  o f  3o  % t r i c h l o r o a c e t i c  a c i d  f r o m  t h e  

s i d e  a r m .  T a e  c o m p l e t e  m e t h o d  u s e d  is d e s c r i b e d  u n d e r  ~t~rHODS. 

Desintegrations* [ Desintegration" / 
T i m e  Glt~cose added Glucose utili,.ed *~ ,,tin in  rain i n  

(h) (lamoles) (pmolcs)  set s KOH**" set z K O H * ' *  

Perce-a# o f  glucose ut i l ized was 
catabolized via 

E - D  H.:~I.P. 
pathway pathway,, 

1 28 1 . 2 I  6 o o o  37 800  86 .2  13.8 
3 z8 7 .6  t o 8  o o o  167 o o o  6z 39 
5 28 7 .6  97  o o o  I 7 5  o o o  65 35 
6 28 9 .2  1 z z  o o o  228  o o o  64 36 

* D i s i n t e g r a t i o n s / m i n  i n  0. 3 m l  K O H  in  t h e  c e n t e r - w e l l .  
* ~ T h e s e  f i g u r e s  w e r e  c a l c u l a t e d  b o t h  f r o m  t h e  O s u p t a k e  a n d  f r o m  t h e  r a d i o a c t i v i t i e s  o f  g l u c o s e  

a d d e d  a n d  C O  2 a b s o r b e d  in  K O H .  G o o d  a g r e e m e n t  w a s  f o u n d  b e t w e e n  b o t h  t h e s e  c a l c u l a t i o n s .  
*** S e t  t K O H  c o n t a i n e d  t h e  c a r b o n  d i o x i d e  f r o m  C-I  o f  g l u c o s e  v i a  t h e  H M P -  S e t  2 K O H  

c o n t a i n e d  t h e  c a r b o n  d i o x i d e  f r o m  t h e  d e c a r b o x y l a t i o n  o f  p y r u v i c  a c i d  i s o l a t e d  f r o m  t h e  m e d i u m  
i n  t h e  m a i n  c h & m b e r  o f  *he  r e a c t i o n  ve s se l .  

From the  x4C d a t a  and  glucose oxidat ion da t a  it is apparen t  t ha t  all the  glucose 
supplied was oxidized to pyruva te  via E - D  and H.M.P. pa thways  and  none via E.M.P. 
pa thway.  I t  is of in teres t  to note  t h a t  in the  first hour of oxidation, about  86 % of the  
glucose was broken down to pyruva te  by E - D  pa thway.  Later ,  65 % of the glucose 
was uti l ized via  E - D  p a t h w a y  and 35% via H.M.P. pa thway.  

The  enzymes phosphoglyceromutase,  enolase and  pyruvic  ldnase catalyze 
respectively the  formation of 2-phosphoglyceric acid from 3-phosphoglyceric acid, 
phosphoeno!pyruvic  acid from 2-phosphoglyceric acid and pyruvic  acid from phospho- 
enolpyruvic  acid. The presence of these three enzymes of the  glycolytic scheme in 
C. fumago is shown by the  formation of p3Tuxdc acid from 3-phosphoglyceric acid in 
t h e  presence of cell-free ey_tracts of C. fumago. The results are given in Table VII .  

B i o c h i m .  B i o p h y s .  A c t a ;  6 9  (1963) 74--84 
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TABLE. VII 

P Y R U V I C  A C I D  F O R M A T I O N  F R O M  3 - P H O S P H O G ~ Y C E R I C  A C I D  B Y  C E L L - F R E I / ~  E X T R A C T S  

The assay system contained 3-p_hosphoglyceric acid, xo/,moles: o.oI M Tris buffer (pH 7.o) 4 ml; 
ADP, 20/~moles; sodium arsenite to give a final concen£ration of 5" IO-a M; cell-free extract 
containing 14 mg protein; and distilled water to make a.final volume of 12 ml. The cell-free extract 
was made by squeezing washed whole cells through a French pressure vessel at about 15000 
Ib/in ~ pressure. The supernatant fraction, after centrifuging this homogenate at x2oo x g for 
20 rain, was used as the cell-free extract. Pyruvic acid was estimated by the ceric sulfate method 

of KREBS AND JoHnsON 6. 

T i m e  lJmoles ~ v c f f e  t,moles t~truvate formed 
(h) - formed endogenously when 3-PGA" was added 

o o o 

2.5 o 0.8 
. 5 . o  o I . o  

* 3-PGA ----- 3-phosphoglycerate. 

I n o rde r  to  d e t e r m i n e  w h y  glucose was  no t  p h o s p h o r y l a t e d  b y  C. fumago before  
o x i d a t i o n  b y  glucose oxidase ,  cell free e x t r a c t s  were  t e s t ed  for  t he  presence  of gluco- 
kinase.  T h e  e n z y m e  was  a s sayed  b y  t h e  decrease in the  acid-labi le  p h o s p h a t e  b y  t h e  
FISKE AND SUBBAROW procedure  in an  a s say  s y s t e m  c o n t a i n i n g  A T P ,  Mg t+, glucose, 
buffer  a n d  cell-free ex t rac t s .  No  loss of labile p h o s p h a t e s  could  be  d e t e c t e d  even  a t  t he  
end  of 3 h of i n c u b a t i o n  a t  3o °. F r o m  th is  ev idence  a n d  also f rom t h e  fac t  t h a t  all  
of the  glucose suppl ied  was  c o n v e r t e d  to  g l u c o n a t e  a n d  t h e n  to  2 -ke tog lucona te  b y  
b o t h  whole  cells a n d  cell-free p repa ra t i ons ,  i t  is conc luded  the  e n z y m e  g lucokinase  is 
no t  p re sen t  in C. fumago. I t s  absence  could  be one of the  reasons  for the  l ack  of a n  
E .M.P .  p a t h w a y  in C. fumago. 

TABLE; VIII 

O X I D A T I O N  O F  T R I C A R B O X Y L I C  A C I D  C Y C L E  ! .~-~TER~.~-DIATKS 

The assay system contained washed cell suspension, x.o ml; substrate, 4/,moles and phosphate 
buffer (pH 6.o) to make up the final volume of 3 ml. 

Substrate added lal O~ uptake in  4 h 

Glucose 2 79 
Citric acid 2oi 
~-Ketoglutaric acid x83 
Succinic acid 204 
Fumaric acid 2ox 
Z-Malic acid 19o 
Endogenous 67 

The tricarboxylic acid cycle in C. fumago 

The  presence  of an  ope ra t ive  t r i ca rboxy l i c  acid c y c l e w a s  d e m o n s t r a t e d  b y  showing 
t h a t  (a) severa l  i n t e r m e d i a t e s  of t h e  t r icaxboxyl ic  acid cycle were  ut i l ized b y  t h e  
whole cells wi th  c o n c o m i t a n t  O i u p t a k e  (Table V I I I ) ,  (b) the  s ens i t i v i t y  of t he  ~-keto-  
g lu taxa te  u t i l i za t ion  to  t h e  i nh ib i to r  a r sen i te  at  3" xo-S M c o n c e n t r a t i o n  (Fig. 2), a n d  
(c) isocitr ic d e h y d r o g e n a s e  was  p resen t  in  cell-free e x t r a c t s  (Table IX) .  Howeve r ,  t h e  

Biochim. Biopkys. Acta, 69 (x963) 74-84 
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act ivi ty  of the isocitric dehydrogenase in the extract  was very low. Efforts to demon- 
s t ra te  other dehydrogenases of the tricarboxylic acid cycle spectrophotometrically 
were unsuccessful. Apparent ly  the various dehydrogenase enz3wnes of C. fumago were 
in some way inact ivated during extraction by the various methods tha t  were tried. 

250/~. t i i ...... I " i_ 

_150  MALONATE A D D E I ) ~  

O I 2 3 4 
T IME  (h) 

Fig .  , .  E f f e c t  o f  i n h i b i t o r s  o n  ~ - k c t o g l u t a r a t e  a n d  
s u c c i n a t e  o x i d a t i o n  b y  w h o l e  ce l l s .  T h e  e x p e r i m e n t  is 
d e s c r i b e d  in T a b l e  V I I I .  I n  t w o  s e t s  o f  f l a s k s  c o n -  
t a i n i n g  ~ - k e t o g l u t a r a t e  a n d  s u c c i n a t e ,  4 i t m o l e s  e a c h ,  
o . z  m l  e a c h  of  o . o 4 5  M s o d i u m  a r s e n i t e  a n d  o.x =~I of  
m a l o n a t e  r e s p e c t i v e l y  w e r e  t i p p e d  in  f r o m  t h e  s i d e  
a r m ,  3 h a f t e r  t h e  s t a r t  o f  t h e  e x p e r i m e n t .  O ~ C ) .  
e n d o g e n o u s :  ~'. ~ A ,  ~ - k e t o g l u t a r a t e  w i t h o u t  a d d e d  
a r s e n i t e ;  A - - A K ,  ~ - k e t o g l u t a r a t e  w i t h  a r s e n i t e :  

- - 2 ,  s u c c i n a t e  w i t h  o r  w i t h o u t  a d d e d  m a l o n a t e .  

T A B L E  I X 

F O R M A T I O N  O F  ~ - K E T O G L r d T A R A T E  F R O M  I G O C I T R A T E  B Y  C E L L - F R E E  E X T R A C T S  

T h e  a s s a y  s y s t e m  in  IZ m l  c o n t a i n e d  : i s o c i t r i c  a c i d ,  i o  t t m o l e s ;  t .  5- [ o  - s  M T P N ,  o. 5 m l  ; m a n g a n o u s  
c h l o r i d e ,  5 p m o l e s ;  s o d i u m  a r s e n i t e ,  3" IO-a M ;  o . o  I M T r i s  b u f f e r  ( p H  7 .o) ,  4 m l ;  c e l l - f r e e  e x t r a c t .  
9 . o  m l ;  a n d  d i s t i l l e d  w a t e r ,  3 .5  m l .  I n c u b a t i o n  t e m p e r a t u r e  w a s  3 o ° .  T h e  c e l l - f r e e  e x t r a c t  c o n t a i n i n g  
z 4 m g  p r o t e i n / m l  w a s  p r e p a r e d  a s  e x p l a i n e d  in  T a b l e  V I I .  T h e  ~ - k e t o g l u t a r a t e  w a s  e s t i m a t e d  b y  

t h e  ee r i e  s u l f a t e  d e c a r b o x y I a t i o n  m e t h o d  of  KREBS AND J OHNSO.~ a. 

Time =-K aog%tarate .formed 
E~tdogenous ~-ketoglutarate with 1o t~moles of isocitrate 

( lonotcs) (llraoles ) 

O O ¢'b 

-'.5 o : .3 
5 . o  o - ' .3 

D I S C U S S I O N  

Caldariomyces fumago evidently does not utilize the E.M.P. pa thway for glucose 
dissimilation for, under  anaerobic conditions, it produces neither carbon dioxide nor 
organic acids from glucose. The absence of glucokinase probably prevents  this 
anaerobic activity. The lack of this enzyme also shows tha t  C. fumago does not possess 
a typical  H.M.P. pathway" in which glucose is phosphorylated before oxidation. The 
initial oxidation of glucose therefore depends entirely on the molecular oxygen 
requiring glucose oxidase and gluconate oxidase. "With these two enzymes the fungus 
converts  all the glucose to 2-ketogluconic acid. Similar oxidations of nonphospho- 
rylated glucose have been reported in both bacteria and fungi. In Penicillium glaucum 
and Penicillium notat,,,,.m a flavoprotein-linked glucose oxidase has been reported. In 
Pseudomonads 13 a cytochrome-linked glucose oxidase has b e e n  re~rn~rted. Among 
th__~se organisms only the glucose oxidase from Penicillia is an auto-oxidizable flavo- 
protein with  hydrogen peroxide as one of the  end products. This Penicillial system is 
cyanide-and azide-insensitive. The glucose oxidase of C. fumago resembles tha t  of 
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P. notatum in the following aspects: (a) x.5 moles of oxygen consumed/mole of glucose 
converted to 2-ketogluconate, (b) hydrogen peroxide is one of the products of the 
enzymic action and (c) its insensitivity to IO -a M cyanide and azide. From these 
data  it is apparent that  the primary oxidation of glucose in C. fumago is as follows: 

glucose glucose oxidase ~. gluconic acid gluconic oxidas c -~ 2-ketogluconate 

0 2 H s O  H s O  a ~ O~ HzO 

The overall reaction is: " 

glucose + I. 5 0  2 ~ 2-ke togluconate  

No information concerning the pathway by which fungi metabolize 2-keto- 
gluconate is available. In C. fumago the metabolism of z-ketogluconate probably 
involves the conversion of 2-ketogluconate to 6-phosphogluconate via the adaptive 
enzymes 2-ketogluconate kinase  and 2-keto-6-phosphogluconic reductase. Such 
adaptive enzymes have been reported in certain bacterial systems s-l~. In C. fumago 
it is evident that  the enzyme gluconokinase was not present because, with gluconate 
as substrate, one half mole of oxygen per mole of gluconate was taken up and 2-keto- 
gluconate but  not 6-phosphogluconate was formed. The fact tha t  mycelium from 
young shake cultures with low pH would use 2-ketogluconate only after a lag period, 
while the same culture would oxidise 6-phosphogluconate shows that  in the normal 
metabolism of 2-ketogluconic acid, a period of adaptat ion was necessary prior to its 
utilization. This lag disappears when the cells are preincubated in 2-ketogluconate. 

14,15 The pathway of 2-ketogluconate metabolism,found inA cetobactermelanogenum , 
in which the 2-ketogluconate is oxidized to 2,5-diketogluconate, then decarboxylated 
- ~  ~ . . . .  ~ to the pentose arabinose, which in turn is converted to a-ketoglutaric ~ A A ~  A ~ . ~ t _ l t & t . ~ t L t  

acid, is not present in C. fumago, for pyruvate  and not a-l~etoglutarate is the product 
formed from 2-ketogluconate in the presence of the inhibitor arsenite. 

The 6-phosphogluconate can then enter either the H.M.P. pathway or the E - D  
pathway. The fact that  more than 1.6/zmoles of pyruvate  were consistently produced 
from I / ,mole  of glucose, 2-ketogluconate, or 6-phosphogluconate points to the E - D  
pathway as the major route for glucose utilization in C.fumago with the H.M.P. 
pathway playing a minor role. 

The results of the experiments with [14C/glucose conclusively show that  both 
these pathways operate simultaneously in C. fitmago and tha t  approx. 65 % of the 
glucose is broken down by the E - D  pathway and the rest by the H.M.P. pathway. 
The only known pathway through which the number  one carbon of glucose can 
end up in the carboxyl carbon of pyruvate  is the E - D  pathway where the 6-phos- 
phogluconate is dehydrated to give 2-keto-3-d~.oxy-6-phosphogluconate and this is 
cleaved with an aldolase to yield pyruvate  from the first three carbons of glucose 
and glyceraldehyde 3-phosphate from the last three carbons of glucose. The following 
enzymes that  are involved in pyruvate  formation form glucose were individually 
demonstrated" glucose oxidase, gluconic oxidase, 3-phosphogluconic mutase, enolase 
and pyruvic kinase. 

Because of the atypical pathways for the utilization of glucose, caused by the 
absence of glucokin~se and gluconokinase, the terms modified Entner-Doudoroff  

Biochim. Bmphys. Acta, 69 (1963) 74-84 
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pathway (m. E - D  pathway) and modified hexose monophosphate pathway (in. 
H.M.P. pathway) should be used to describe the pathways of glucose oxidation in 
C. fumago. 

The presence of an operative tricarboxylic acid cycle in C. fumago was shown in a 
number of ways. There was consistent uptake of 6 moles or better of oxygen for every 
mole of glucose, 2-ketogluconate or 6-phosphogluconate utilized. The fungus utilized 
all the tricarboxylic acid cycle intermediates that were supplied as substrate. The 
presence of the enzyme isocitric dehydrogenase was demonstrated in a cell-free 
preparation of C.fumago. 

The sensitivity to cyanide of about 8o% of the oxygen uptake in the total 
oxidation of glucose and almost all the oxygen uptake in the oxidation of 2-keto- 
gluconate and 6-phosphogluconate indicates the involvement of the cytochrome 
system operating in the coupled electron transport mechanism. 
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